Objective: To determine the association of ultraearly hematoma growth (uHG) with the CT angiography (CTA) spot sign, hematoma expansion, and clinical outcomes in patients with acute intracerebral hemorrhage (ICH).
The influence of baseline intracerebral hemorrhage (ICH) volume on outcome varies depending on time from symptoms onset to baseline CT scan. We previously reported that the adjustment of baseline ICH volume by onset to baseline CT time, coined as ultraearly hematoma growth (uHG), improves the ability of baseline ICH volume to predict clinical outcome and helps to identify patients at risk of hematoma expansion. 1 However, the influence of uHG on hematoma expansion and subsequent poor clinical outcome may vary widely depending on the presence of active hemorrhage.
The CT angiography (CTA) spot sign is a marker of active hemorrhage and a strong predictor of hematoma expansion and poor outcome in acute ICH. [2] [3] [4] [5] [6] Our previous study suggested that patients with the spot sign present higher uHG than those without. 1 We hypothesized that patients with higher uHG have higher spot sign prevalence and are more likely to expand and to present poorer outcomes than those with lower uHG.
The objectives of this study were to determine the association of uHG with the CTA spot sign, hematoma expansion, and clinical outcomes in patients with acute ICH from the Predicting Haematoma Growth and Outcome in Intracerebral Haemorrhage Using Contrast Bolus CT (PREDICT) study. 4 We also aimed to compare the ability of uHG, ICH volume, and the CTA spot sign to predict hematoma expansion and clinical outcome, and to validate the uHG in a multicenter cohort to address its generalizability. METHODS Participants. The methodology of the PREDICT study has been described previously in detail. 4 In brief, PREDICT was a multicenter, prospective, observational cohort study of consecutive adult patients with spontaneous ICH presenting within 6 hours from symptoms onset. In order to validate our previous findings, all patients from the entire PREDICT study cohort 7 were eligible for the present study except those included by Vall d'Hebron University Hospital, Barcelona, Spain, since some of them were included in our previous single-center study. 1 Standard protocol approvals, registrations, and patient consents. The PREDICT study protocol was approved by the research ethics board of the University of Calgary, Alberta, Canada. Requirement for additional local ethics approval differed among participating countries and additional consent was obtained if required by the local ethics board. Patients, next of kin, or legal guardian gave written informed consent according to the requirements established by each site ethics board.
Procedures. Relevant demographic and clinical characteristics
were recorded. The NIH Stroke Scale (NIHSS) score on admission and at 24 hours was collected, as well as modified Rankin Scale (mRS) score at 90 days. Noncontrast CT scan at baseline and at 24 hours and single-phase CTA immediately after baseline CT scan were performed. Details of image acquisition, processing, and analysis have been described before. 4 The time of onset was defined as the time of symptoms onset or the last time seen normal. uHG was defined as baseline ICH volume (mL) divided by onset to baseline CT time (hours). 1 Therefore, uHG can be conceived of as the initial rate of growth of the hematoma. This conception of the meaning of uHG assumes that hematoma growth rates are linear in time. CTA spot sign was defined according to previously established criteria. 8 The spot sign was used as marker of active hemorrhage. [2] [3] [4] [5] [6] Outcomes. The primary outcome parameter was significant hematoma expansion at 24-hour CT defined as ICH relative enlargement of more than 33% or absolute growth greater than 6 mL from baseline CT. 4 The rate of hematoma expansion, defined as the difference between baseline and 24-hour ICH volume (mL) divided by baseline to 24-hour CT time (hours), 9 was evaluated as a secondary outcome.
Clinical outcome parameters included early neurologic deterioration, mortality at 90 days, and poor outcome. Early neurologic deterioration was defined as an increase greater than or equal to 4 points in the NIHSS score or death at 24 hours, and poor outcome as an mRS score greater than 2 at 90 days. Patients with an mRS score greater than 2 at baseline were excluded from poor outcome analysis.
Statistical analysis. Statistical analysis was performed using SPSS (Chicago, IL) 17.0 software. The categorical variables are presented as absolute values (%) and the continuous variables as means 6 SD or medians (interquartile intervals). Statistical significance for intergroup differences was assessed by Pearson x 2 for categorical variables and by Student t test, Mann-Whitney U test, or Kruskal-Wallis test for continuous variables, as appropriate. The association between uHG and significant hematoma expansion was assessed using a Mann-Whitney U test. Multivariable logistic regression analysis was used to provide an adjusted estimate of the effect size of the association between uHG and significant hematoma expansion. Key covariates were age, sex, anticoagulant use, baseline NIHSS score, ICH location, and intraventricular extension. Specifically, baseline ICH volume and onset to baseline CT time were not covariates because these are components of the uHG construct. This analysis was repeated for clinical outcome parameters. Results are presented as odds ratio (OR) and 95% confidence interval (CI). A post hoc sensitivity analysis was performed to assess the association between uHG and significant hematoma expansion by tertiles of uHG. Receiver operating characteristic curves were drawn to estimate possible threshold values of uHG and baseline ICH volume that would optimally predict the primary outcome. The threshold was estimated at the simultaneous maximum sensitivity and specificity. The sensitivity, specificity, predictive values, and area under the curve (AUC) of uHG, baseline ICH volume, and the CTA spot sign were calculated. A 2-way analysis of variance was used to assess the interaction of uHG and CTA spot sign on rate of hematoma expansion. A 2-sided p value of ,0.05 was considered significant for all tests.
RESULTS Among 386 patients of the entire PREDICT study cohort, 231 were included in the present study. A total of 155 participants were excluded for the following reasons: 129 were included by Vall d'Hebron University Hospital, 20 underwent baseline CT scan beyond 6 hours, and 6 did not have available baseline CT or CTA images. uHG, CTA spot sign, and onset to baseline CT time.
Median uHG was 6.5 (2.5-14.3) mL/h. Patients with higher uHG had lower Glasgow Coma Scale scores and higher NIHSS scores and glucose levels, and more frequently presented intraventricular extension and lobar location at baseline (table 1) . The CTA spot sign was present in 71 (30.7%) patients, and 26 (36.6%) of them showed multiple spot signs. uHG was higher in patients with the CTA spot sign ( [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and 9 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , respectively, p 5 0.042), while other baseline characteristics were not related to onset to baseline CT time (p $ 0.050 for all comparisons, data not shown). In a post hoc sensitivity analysis, the frequency of significant hematoma expansion was higher by tertiles of uHG (21.1%, 38.3%, and 50.8%, respectively, p 5 0.002).
The simultaneous maximum sensitivity and specificity for uHG in predicting the primary outcome was 4.7 mL/h and for baseline ICH volume 10 mL. uHG .4.7 mL/h improved the ability of baseline ICH volume .10 mL to predict significant hematoma expansion (table 4) . Further, uHG .4.7 mL/h had higher sensitivity and negative predictive value but lower specificity and positive predictive value than the CTA spot sign (table 4) uHG, CTA spot sign, and clinical outcomes. A total of 157 patients have available 24-hour clinical data and 189 participants were successfully followed up at 90 days, 11 of which were excluded from poor outcome analysis because they had a mRS score greater than 2 at baseline. Early neurologic deterioration occurred in 34 (21.7%) patients, 49 (25.9%) participants had died at 90 days, and 114 (64%) had a poor outcome (mRS score 3-6).
Both uHG and the CTA spot sign were positively related to all clinical outcome parameters (table 3) . Table 3 Associations of baseline intracerebral hemorrhage (ICH) volume, ultraearly hematoma growth (uHG), and the CT angiography (CTA) spot sign with significant hematoma expansion (>33% or uHG was independently related to early neurologic deterioration (OR 1.06, 95% CI 1.02-1.10), mortality at 90 days (OR 1.05, 95% CI 1.01-1.10), and poor outcome (OR 1.10, 95% CI 1.02-1.18) in multivariate models adjusted for age, sex, anticoagulant use, baseline NIHSS score, ICH location, and intraventricular extension. uHG .4.7 mL/h improved the ability of baseline ICH volume .10 mL to predict clinical outcomes, including mortality at 90 days and poor outcome, with the exception of somewhat higher sensitivity and predictive values for ICH volume .10 mL in the prediction of early neurologic deterioration (table 4). uHG .4.7 mL/h had lower specificity and positive predictive value (except for poor outcome) but higher sensitivity and negative predictive value than the CTA spot sign in the prediction of clinical outcomes (table 4) . DISCUSSION The present study demonstrates that uHG is higher in patients with the CTA spot sign and the earlier the patients are scanned, particularly in those without the spot sign. Further, uHG independently predicts significant hematoma expansion, early neurologic deterioration, mortality at 90 days, and poor outcome. This study also reveals that uHG improves the sensitivity, but not the specificity, of the CTA spot sign in the prediction of significant hematoma expansion and clinical outcomes. ICH expands over time, mainly within the first 6 hours from symptoms onset, 10,11 due to continued bleeding and rebleeding. 12 Because there are varying velocities of expansion, hematoma growth may be markedly nonlinear and the speed of the hematoma expansion cannot be calculated accurately. The uHG is the average rate of hematoma expansion before baseline CT scan. Therefore, despite uHG being higher in patients scanned earlier in our study, uHG represents an instantaneous rate of growth of the hematoma at the time the CT scan is performed and may act as a surrogate of the speed of hematoma expansion. 1 As expected, uHG was greater the earlier the patients were scanned, since by definition the uHG denominator will always be smaller in the early time window. In addition, larger ICH volumes at baseline may occur among patients presenting earlier. Both the numerator and denominator may act synergistically to give larger values of uHG. Although the CTA spot sign and NIHSS score were higher the earlier the patients presented, other baseline characteristics, including ICH volume, were not related to onset to baseline CT time. Therefore, clinical severity does not seem to exert a relevant confounding effect on uHG in our study.
The CTA spot sign is a validated predictor of hematoma expansion in patients with acute ICH and is a marker of active hemorrhage at the site of vessel rupture. [2] [3] [4] [5] [6] This is why 3 ongoing hemostatic clinical trials stratify patients according to the presence of a CTA spot sign, including Spot Sign Selection of Table 4 Sensitivity, specificity, predictive values, and area under the curve of intracerebral hemorrhage (ICH) volume, ultraearly hematoma growth (uHG), and the CT angiography (CTA) spot sign in the prediction of outcomes Intracerebral Hemorrhage to Guide Hemostatic Therapy (SPOTLIGHT, NCT01359202), the Spot Sign for Predicting and Treating ICH Growth Study (STOP-IT, NCT00810888), and the Spot Sign and Tranexamic Acid on Preventing ICH Growth-Australasia Trial (STOP-AUST). 13 In the present study, patients with the spot sign presented higher uHG than those without. However, the time-dependency of uHG was particularly true in those patients without the spot sign, supporting a different influence of time on hematoma growth depending on the presence of active hemorrhage. On the one hand, the lower influence of time on hematoma growth in patients with the spot sign suggests that, although uHG decreases over time, uHG could decrease more slowly, not decrease, or turn into a faster rate in the presence of active hemorrhage. 14, 15 On the other hand, the higher influence of time on hematoma growth in patients without the spot sign suggests a rapid decay in the rate of growth in the absence of active hemorrhage. This would argue that time is a major factor in the dynamics of hematoma growth especially for those patients without spot sign. This finding has potential implications for future clinical trials design since a subset of ICH patients without the spot sign could also benefit from hemostatic treatment if treated in the ultraearly time window, for example, within 2 hours from symptoms onset. Similarly to uHG, a higher rate of hematoma expansion between baseline and follow-up CT scans has been related to poorer outcomes. 9 In our study, the rate of hematoma expansion was related to both uHG and the spot sign, without interaction of uHG and the spot sign. Therefore, the combination of uHG and the spot sign increases the effect on the rate of hematoma expansion, reinforcing the hypothesis that the rate of hematoma expansion can turn into a faster rate in the presence of active hemorrhage.
As observed in our prior study, 1 uHG independently predicted significant hematoma expansion and clinical outcomes. uHG was recently validated as a powerful predictor of poor outcome in a pooled analysis of the Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial (INTERACT) and INTERACT2 studies. 16 However, these trials included a subpopulation of ICH patients with elevated systolic blood pressure (150-220 mm Hg) able to be actively treated and admitted to a monitored facility within 6 hours of stroke onset. 17, 18 These criteria may represent the exclusion of up to 25% of acute ICH patients, 19 which may therefore reduce its generalizability to clinical practice. The present observational study improves the generalizability of uHG by validating it in a broader range of ICH patients.
The success of emerging and future interventions aimed at preventing hematoma expansion and subsequent poor outcome, including hemostatic drugs, will likely depend on the accurate selection of patients at risk of hematoma expansion. In the present study, uHG improved the ability of baseline ICH volume to predict all studied outcomes. Conversely, uHG improved the sensitivity and negative predictive value but not the specificity and positive predictive value of the CTA spot sign in the prediction of significant hematoma expansion and clinical outcomes. Therefore, the combination of both uHG and the spot sign could allow better stratification of patients at risk of hematoma expansion and poorest outcomes. uHG could be particularly useful in those scenarios where it is not possible to perform a CTA scan, including those sites that are unable to perform CTA in the hyperacute phase of ICH and those patients with known contraindication to CTA, such as renal failure or allergy to iodinated contrast dye.
The strengths of this study include the heterogeneous patient population, the early assessment of patients after symptoms onset, and the rigorous blinded assessment of ICH volume, the CTA spot sign, and outcome parameters. The study has some limitations, however. First, the time of onset was defined as the time of symptoms onset or the last time seen normal. This may have led to underestimation of uHG in those patients with uncertainty on the exact time from symptoms onset and therefore predictive values of uHG in this study were not as robust as in our prior study. 1 Second, we assumed a linear uHG in our analyses but the hematoma expansion rate may be not linear. Third, we used the CTA spot sign as a marker of active hemorrhage, 2-6 but the exact pathology of the spot sign is not known and it may not only represent active hemorrhage. 5 We compared uHG with single-phase CTA spot sign, while multiphase CTA could improve the sensitivity of the spot sign in the prediction of hematoma expansion. 7, 20, 21 Finally, because our results represent a secondary analysis of an existing dataset, they are exploratory and should be replicated.
uHG is a useful predictor of hematoma expansion and poor clinical outcomes in patients with acute ICH. uHG is higher in patients with active hemorrhage and in patients scanned earlier. The combination of both high uHG and the CTA spot sign is associated with a higher rate of hematoma expansion. These data may help lead to a better selection of patients at risk of hematoma expansion and poorest clinical outcomes in future trials, highlighting the need for very fast treatment in patients with acute ICH. 
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